Ultrafast phonon dynamics in anatase and rutile TiO 2 single crystals are investigated using 400 nm near ultraviolet light pulses, whose wavelength corresponds to the fundamental absorption edges of both polymorphs. Raman-active phonon modes are observed as coherent modulations in THz frequency range of the reflected light intensity. Coherent amplitudes vary as the crystals are rotated with respect to the pump and probe polarizations, depending on the symmetry of the phonon modes. The polarization dependence is quantitatively reproduced by assuming that both the generation and detection are dominated by the Raman scattering process. No evident resonance enhancement is observed in the coherent amplitudes as we vary the excitation light wavelength around the fundamental absorption edges. These results indicate that the creation of coherent bulk phonons by photodoped carriers is negligible compared with the competing Raman process at the fundamental band gap excitation.
I. INTRODUCTION
Titanium dioxide (TiO 2 ) is a key optoelectronic material with wide applications ranging from photocatalytic coatings to photovoltatic cells. [1] [2] [3] Among the different crystalline structures of TiO 2 , rutile [ Fig. 1(b) ] is the most thermodynamically stable phase, whereas anatase [ Fig. 1(a) ] is stable in nanocrystalline form at relatively low temperatures. 4 Crystalline lattice properties of single crystal rutile 5, 6 and anatase [7] [8] [9] have been investigated by means of Raman spectroscopy. The frequencies and linewidths of the Raman phonon modes have been widely used to evaluate the nanocrystalline structure and size. 4, [10] [11] [12] [13] There has been a large uncertainty over the band gap energies for both rutile and anatase reported by optical measurements [14] [15] [16] [17] [18] [19] and calculations. [20] [21] [22] [23] Most studies agreed, however, that the optical absorption edges correspond to an indirect band gap, whereas a symmetry-forbidden direct gap lies close in energy. The optical absorption studies also suggested the opposite nature of exciton states (self-trapped or free) in anatase and rutile. 15, 17, 18, 24 For rutile, resonant one-and two-photon Raman measurements demonstrated the strong exciton-phonon interaction by observing a sharp resonance in phonon scattering efficiencies. 24, 25 For anatase, however, no resonant Raman study has been reported at the fundamental absorption edge.
Electron-phonon interaction plays a crucial role in the carrier transport in TiO 2 through phonon-assisted polaron hopping 21, [26] [27] [28] as well as through scattering of carriers by optical phonons. 29 A THz spectroscopy study on a rutile single crystal found that charge transport is limited by anisotropic electron-phonon coupling on a sub-ps time scale and can be described by Feynman polaron theory. 27 For anatase, time-resolved luminescence studies revealed slow (sub-μs) energy relaxation and recombination of self-trapped excitons. 30, 31 For faster, electron-phonon energy transfer, a rough estimation of the time scale (sub-ps) was given by first-principle calculations. 32 In nanocrystal TiO 2 powders, carrier dynamics are dominated by the trapping of electrons and holes at surface defects and deeper traps. [33] [34] [35] [36] [37] Still, the transport properties and the underlying electron-phonon coupling in the anatase single crystal and nanocrystal are poorly understood.
Observation of coherent phonons can also reveal sub-ps electron-phonon interaction in crystals. Under nonresonant photoexcitation, the coherent phonons can be driven by the electric field of ultrashort laser pulses via the impulsive stimulated Raman scattering (ISRS). 38 A time-resolved spectroscopic study on rutile (110) single crystal surface observed only one of the four Raman-active fundamental phonon modes as a coherent modulation of reflectivity at 18.4 THz. 39 The observed A 1g phonon exhibited a sine-like initial phase, as was expected for the ISRS generation. In addition, seven surface phonon modes were observed at frequencies ranging from 5.4 to 24.5 THz by surface second harmonic generation (SSHG) detection on the same sample. All but one surface phonon modes corresponded to the infrared-active but Raman-inactive phonon modes in the bulk. Three of them exhibited initial phase varying between sine-like and cosine-like depending on the pump polarization, whereas the others were sine-like oscillations. The cosine-like oscillations were attributed to the transient depletion field screening (TDFS) mechanism via excitation of a photoinduced surface current. 40 For rutile (110) surface sensitized with quantum dots, ultrafast interfacial charge injection induced coherent soft surface phonon mode of TiO 2 at 2.9 THz, 41 which had no counterpart among the surface phonon modes observed for the nonsensitized surface. 39 By contrast, there has been no report on coherent surface or bulk phonon excitation for anatase single crystals. An optical Kerr effect study on nanoporous TiO 2 films reported a modulation at 4.3 THz, which corresponds to the lowestfrequency Raman mode of anatase, 42 whereas the other five Raman-active phonon modes at higher frequencies were not observed, presumably because of the limited bandwidth of the excitation pulse. The previous coherent phonon studies 39, 41, 42 employed near infrared or visible light, whose photon energy was insufficient to excite interband transition in TiO 2 . In the present study, we examine the bulk phonon dynamics in anatase and rutile single crystals by transient reflectivity measurements with near ultraviolet (NUV) light. The photon energy is close to the fundamental absorption edges at 3.0 and 3.2 eV for rutile and anatase. 15, 18, 21, 22 We observe all the Raman-active bulk phonon modes of anatase as coherent modulations of the reflectivity R with amplitudes R/R 10 −7 . For rutile, only two of the four Raman-active modes are observed. Generation mechanisms of the coherent phonons of both single crystals are investigated by varying the pump polarization angles. Our quantitative analysis of the polarization dependence demonstrates that all the coherent phonons are generated via the ISRS process. At the present photoexcitation condition, the electron-phonon interaction is too weak to cause evident resonant enhancement in the generation of coherent phonons.
II. EXPERIMENT
The investigated samples are a (101)-oriented natural anatase and a (110)-oriented synthetic rutile TiO 2 single crystals purchased from SurfaceNet. The crystalline structures and the surface planes are illustrated in Fig. 1 . The samples are investigated under ambient conditions as received.
Pump-probe reflectivity measurements are performed using 400 nm (3.1 eV) light pulses of ∼10 fs duration. Linearly polarized pump and probe beams are incident on the sample in a near back-reflection configuration with angles of 15
• and 7
• from the surface normal. Pump pulse density is ∼100 μJ/cm 2 on the sample surface, whereas the probe pulse density is one order of magnitude lower. Photoexcited carrier density is roughly estimated to be ∼10 16 cm 3 for rutile and lower by one to two orders of magnitude for anatase. 18 Pump-induced change in the anisotropic reflectivity ( R eo = R H − R V ) is measured in an "electro-optic (EO)" configuration by detecting the difference between the vertically and horizontally polarized components of the reflected probe light. For polarizationdependence measurements, we maintain the pump and probe polarization angles fixed at 0
• and 45
• from vertical, and rotate the samples around the surface normal axis (approximately parallel to the direction of laser incidence), as illustrated in the inset of Figs • from vertical orientations.
while time delay between pump and probe pulses is scanned repetitively at a 20 Hz rate.
Separate Raman scattering measurements are performed with 532 nm (2.3 eV) excitation light in backscattering geometry. The instrumental wave number resolution is 0.7 cm −1 .
III. RESULTS AND DISCUSSION
Figure 2(a) shows the oscillatory part of the pump-induced anisotropic change in the reflectivity R eo /R from anatase (101) surface. The reflectivity is periodically modulated with amplitudes of 10 −7 or smaller at frequencies dependent on the orientation of the crystalline axes with respect to the pump and probe polarization directions. Fourier-transformed (FT) spectra in Fig. 2(b) show phonon peaks at 4.4, 5.9, and 19.1 THz when the pump polarization angle θ is 0
• or 45
• from the [101] crystalline axis, and those at 11.8 and 15.2 THz for θ = 90
• . The frequencies and dephasing rates of the coherent phonons are summarized in Table I . They agree well with the frequencies and linewidths obtained from our Raman scattering measurements on the same sample with sub-band gap excitation, also shown in Table I . Based on the previous Raman studies 7,9 the three phonon modes observed for θ = 0
• are assigned to the E g symmetry, whereas the two observed for θ = 90
• are to the B 1g and A 1g symmetries. The B 1g (ν 2 ) (at 15.35 THz) and A 1g (ν 3 ) (at 15.52 THz) modes are nearly degenerate in frequency, and appear as an unresolved asymmetric peak in the Raman spectra with a peak height ratio of ∼1 : 4. 9 These six phonon modes comprise all of the bulk Raman-active modes of anatase. Since the Raman intensity and coherent phonon amplitude are proportional to the square of the Raman polarizability and polarizability itself, respectively, we can attribute the coherent response at 15.2 THz to the sum of B 1g (ν 2 ) and A 1g (ν 3 ) modes with a coherent amplitude ratio of ∼1 : 2.
We note that the E g (ν 5 ) mode appears as a small dip on the tail of the much larger E g (ν 6 ) peak in the FT spectra [ Fig. 2(b) ]. This is in marked contrast to the Raman spectra, in which different phonon modes can superimpose in frequency but do not interfere. The FT spectral line shape is determined by the phase relation between the coherent modes over their whole decoherence time, rather than their initial phases at time zero. The initial phase of each coherent phonon mode, which is often related with the generation mechanism, can be determined by fitting the time-domain data with a damped harmonic function. We find that the E g (ν 6 ) mode is a sine function of time (zero amplitude at t = 0). Quantitative determination of the initial phase of the E g (ν 5 ) mode is, however, difficult due to its small amplitude. For the high-frequency mode like E g (ν 1 ), experimental ambiguity in defining the exact time zero affects the determination of the initial phase. We therefore examine the generation mechanism by performing an analysis of the dependence of the coherent amplitudes on the polarization angle of the pump light. We base this on the fact that ISRS should depend on the symmetry properties of the phonons (Raman tensors), whereas the TDFS should depend on the dichroism in the optical absorption. Figures 3(a)-3(c) show plots of the experimentally obtained coherent amplitudes R eo (t = 0)/R for anatase as we rotate the crystals with respect to the fixed polarizations of pump and probe light. The plots show a complex dependence on the crystal rotation angle, because the measurements are a product of the pump and probe polarization angle dependences. By considering the two dependences separately, however, the observed angular variations are readily interpreted. If coherent phonons are excited via ISRS, the driving force, and hence the coherent phonon amplitude, depends on the direction of the pump electric field through the Raman tensor:
The Raman tensor describes how the Raman scattering cross section for a particular symmetry phonon mode depends on the polarizations of the incident and the scattered field. The symmetry requirements can be analytically expressed by basis function(s) for each phonon symmetry classification. 43 The dependence of the coherent amplitude on the pump polarization angle θ is then given by the angular dependence of the basis function within the crystalline surface plane, f (θ ), as shown in the Supplemental Material. 44 Rotating the probe polarization angle also varies how the reflected field amplitude is modified by a given nuclear displacement, because the modulation of the reflectivity R by nuclear displacement Q is mediated by the Raman tensor: (4) and (5), which assume ISRS and TDFS generation mechanisms, respectively.
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In the present EO detection, the probe polarization dependence is given by
because we record the difference between the components parallel and perpendicular to the pump polarization angle θ . The overall pump-probe polarization dependence of the ISRSgeneration/EO-detection is given by the product
which is plotted with solid curves in Figs. 3(a)-3(c) for anatase (101) surface. The calculated G(θ ) reproduces the experimental data well for all the different symmetry phonon modes. This proves that the coherent phonons of anatase are generated via ISRS, as well as confirms the mode symmetry assignments. If, however, the coherent polar phonons were generated via TDFS, the photoexcited drift-diffusion current along the surface normal direction would give the driving force for the polar phonon mode. 40 The drift-diffusion current would depend on the direction of the pump electric field only through the anisotropy in the optical absorption α(θ ) within the crystalline surface plane. 44 The overall pump-probe polarization dependence of the TDFS-generation/EO-detection would be given by the product
which is plotted with broken curves in Figs. 3(a)-3(c) . Failure of the calculated A(θ ) in reproducing the experimental data confirms that the TDFS mechanism is negligible in the generation of bulk coherent phonons of anatase excited at the fundamental absorption edge. We perform similar measurements and analyses on rutile single crystal. The reflectivity change from rutile (110) surface shows a very weak ( R eo /R ∼ 10 −8 ) modulation at 18.2 THz when the pump light polarization angle θ is 90
• from the [001] crystalline axis, and an even weaker modulation at 13.3 THz for θ = 45
• with respect to the axis, as shown in Fig. 4 . The two modes are assigned, respectively, to the A 1g and E g phonons based on previous studies. 5, 45 The frequencies and dephasing rates, listed in Table I , agree with our Raman measurements on the same sample. The coherent phonons of rutile, especially the E g mode, dephase faster than those of anatase due to a large cubic anharmonicity associated with three-phonon processes. 6 The other two Raman active modes of rutile, the B 1g and B 2g modes at 4.29 and 24.8 THz, are not observed as the reflectivity modulation, presumably because of their smaller Raman scattering cross sections compared to the A 1g and E g modes. 5 The B 2g mode is detected as a very weak peak in the Raman spectra from the same sample (Table I) . ISRS also for rutile single crystal, as well as confirm the mode symmetry assignments. Our observation is consistent with the previous reflectivity study on a rutile (110) surface using nonresonant (620 nm), but intense (8 mJ/cm 2 ) optical pulses. 39 There, only the A 1g phonon was observed as a large-amplitude ( R/R 10 −4 ) modulation of reflectivity, and the generation was attributed to the ISRS mechanism based on its sine-like initial phase. By contrast, the same study observed a surface phonon mode at 13.2 THz by means of the SSHG detection, and related it to the bulk E u mode based on its polarization dependence and its cosine-like initial phase indicating TDFS generation. 39 Though the frequency of our bulk E g mode (13.3 THz) is close to that of the surface mode, in the present study we find no evidence for the TDFS generation, as is expected for a nonpolar E g -symmetry mode. We thereby conclude that the two studies have indeed observed differentsymmetry phonon modes with different detection methods.
The Raman scattering contributing to the ISRS generation process can in general be either nonresonant or resonant. We test for the resonance effect by varying the pump-probe wavelength between 397 and 387 nm (3.12 and 3.20 eV). With the laser bandwidth of ∼ 20 nm, this wavelength range coincides with the sub-band-gap absorption (Urbach) tail of anatase 18 and above-band-gap absorption of rutile; 15, 18 the dichroic absorption of anatase increases by an order of magnitude, whereas that of rutile is stronger but exhibits less variation. For rutile, a resonant Raman study reported a sharp enhancement in the A 1g phonon scattering efficiency at 3.03 eV due to an exciton double resonance, but little enhancement in the E g phonon due to a single resonance.
24
A hyper-Raman scattering study observed monotonic increase in the scattering efficiency of the allowed (Raman-inactive) phonons with increasing two-photon energy. 25 In the present time-resolved measurements at room temperature, however, we find no significant wavelength dependence in coherent phonons for either anatase (Fig. 5) or rutile (not shown). The observation, together with the very small amplitude in the reflectivity modulation, indicates nonresonant ISRS generation of the coherent phonons in both polymorphs. The absence of the resonance enhancement is attributed to the indirect and symmetry-forbidden direct band gaps that occur in this wavelength region. 21, 22, 24, 25 Contribution by the excitonic resonance is negligible in the present study, because the laser wavelength is shifted from the very narrow double resonance for rutile, 24 and because the creation of self-trapped excitons is too slow compared with the phonon oscillation periods for anatase. 31 The resonance enhancement of ISRS, as well as the TDFS generation of the polar phonons, is more likely to occur at the symmetry-allowed direct band gaps of rutile and anatase at 3.6-4.2 and 3.7-3.9 eV. 22 Further investigations under the resonant excitation at the direct band gaps should reveal the nature of the carrier-lattice coupling, especially the role of the anisotropic exciton wave functions predicted for both rutile and anatase. 22 For TiO 2 nanocrystals, the electronphonon dynamics are expected to be modified significantly by photoexcitation and trapping via surface defects and dopants. For dye-sensitized TiO 2 surfaces, where the resonance is defined by the chromophore absorption spectrum, the ultrafast interfacial charge injection into the semiconductor could give a driving force for phonon dynamics that is qualitatively different from nonsensitized surfaces. 39, 41 The present study on the bulk phonons of nonsensitized TiO 2 single crystals gives a baseline for further experimental and theoretical investigations on the bulk and nanocrystalline TiO 2 samples, as well as sensitized TiO 2 interfaces.
IV. CONCLUSION
Raman-active bulk phonon modes were observed as coherent modulations of reflectivity of anatase and rutile TiO 2 single crystals under photoexcitation near the fundamental absorption edge with NUV light. The dependence of the coherent phonon amplitudes on the pump and probe polarization angles was related quantitatively to the angular dependence of the Raman tensor components within the crystalline surface plane. We thus demonstrated that the Raman scattering is responsible as the generation and detection mechanisms for all the bulk phonon modes observed for anatase and rutile single crystals. The coherent oscillations showed no significant dependence on the photon energy between 3.12 and 3.20 eV, suggesting that the resonance enhancement in the Raman generation process is negligible near the absorption edge corresponding to the indirect band gaps. The knowledge obtained in the present study will contribute to understanding the ultrafast electronphonon dynamics in the bulk, nanocrystal, and adsorbatemodified surfaces.
